ABSTRACT: Hyperuricemia is associated with primary hypertension (HTN) in adults and children. Furthermore, uric acid levels during childhood are associated with blood pressure (BP) levels in adulthood. We measured 24-h ambulatory BP and serum uric acid (SUA) in 104 children referred for possible hypertension. Mean age was 13.7 Ϯ 2.6 y (range, 7-18 y) with 67 males and 37 females; 74 were African-American, 29 Caucasian and one Asian. SUA was associated with age (r ϭ 0.38, p ϭ 0.0001) and BMI Z-score (r ϭ 0.23, p ϭ 0.021). SUA was significantly associated with mean ambulatory systolic (S) and diastolic (D) BP. Mean ambulatory BP was normalized to gender-and height-specific reference standards using BP index. SUA was significantly associated with 24-h DBP index and nocturnal DBP index after adjusting for age, gender, race, BMI Z-score and urinary sodium excretion. SUA was also significantly associated with 24-h DBP load and nocturnal DBP load. Uric acid was significantly associated with increased likelihood for diastolic HTN (OR ϭ 2.1, CI ϭ 1.2, 3.7; p ϭ 0.0063) after adjusting for other co-variables. Among children at risk for HTN, the likelihood for diastolic HTN (as defined by ambulatory blood pressure monitoring) increases significantly as SUA increases. SUA may be associated with increased severity of HTN during youth. S tudies in adults indicate that uric acid is an independent risk factor for cardiovascular disease (1). Elevated serum uric acid (SUA) levels are frequently seen in adults with hypertension (HTN); this phenomenon was initially thought to reflect subtle renal damage known to accompany established HTN. However, uric acid has been hypothesized to play a role in the early stages of vascular damage and contribute to the development of HTN (2). Hyperuricemia is associated with increased risk for development of HTN in adults (3-5).
S tudies in adults indicate that uric acid is an independent risk factor for cardiovascular disease (1) . Elevated serum uric acid (SUA) levels are frequently seen in adults with hypertension (HTN); this phenomenon was initially thought to reflect subtle renal damage known to accompany established HTN. However, uric acid has been hypothesized to play a role in the early stages of vascular damage and contribute to the development of HTN (2) . Hyperuricemia is associated with increased risk for development of HTN in adults (3) (4) (5) .
Among participants in the Bogalusa Heart Study, SUA levels measured during childhood were significantly associated with childhood and adult systolic blood pressure (SBP) and diastolic blood pressure (DBP) (6) . In addition, the change in SUA from youth to adulthood was a significant predictor of adult SBP. In children with HTN (defined by increased casual BP), an SUA level of Ͼ5.5 mg/dL was significantly associated with the occurrence of primary HTN; casual SBP and DBP were significantly correlated with SUA (7) . Unfortunately, neither of the above studies adjusted casual BP levels in their pediatric subjects for gender, age and height related normal values. In addition, HTN in the second study was defined based upon casual BP values.
Ambulatory blood pressure monitoring (ABPM) is superior to casual clinic measurement in the assessment of BP and cardiovascular risk. In adults with hypertension (HTN), ABPM has consistently demonstrated superiority over casual clinic readings for prediction of cardiovascular morbidity and mortality (8 -10) . Compared with office BP readings, ambulatory BP (ABP) is a better predictor of increased left ventricular mass in children with HTN (11, 12) . To the best of our knowledge, studies investigating the relationship of ABP and SUA levels have not been published. The relationship between SUA and ABP was examined using a cross-sectional study design in a multiethnic cohort of children who were referred for possible HTN.
METHODS
Children ages 6 -18 y with a casual SBP or DBP Ն90th percentile were eligible to participate in the study (13). Subjects were excluded if they had received anti-hypertensive therapy, were on medications associated with HTN, or had known renal or cardiac disease. The majority of subjects were recruited from referrals to the UTMG subspecialty clinics after the finding of an elevated casual BP in the primary care office, however, they had not consistently had increased BP levels on three separate occasion before entry into the study. Informed consent was obtained; the research protocol was approved by the University of Tennessee Health Science Center Institutional Review Board and followed the guidelines for good clinical practice. Subjects found to have HTN underwent additional studies based upon the current guidelines (14) to ascertain whether they had a secondary cause for HTN. Five children were found to have secondary HTN and are not included in this analysis.
ABPM was performed using the AM5600 ambulatory blood pressure monitor (Advanced Biosensor, Columbia, SC) (15) . The monitors were programmed to measure the BP every 20 min for a 24-h period using the auscultatory technique (with oscillometric "back-up" technique) to detect SBP at Korotkoff phase I and DBP at Korotkoff phase V. The appropriate sized cuff was chosen according to the recommendations of the Working Group with the width of the bladder at least 40% of the mid-arm circumference (13). The brachial artery was located at the anticubital fossa of the nondominant arm, and the microphone was taped to the subject's arm over the strongest impulse, followed by placement of the cuff and electrodes (15) . During the AM5600 "office check period," with the subject in a seated position, a minimum of three readings were taken simultaneously in the same arm via a three-way stopcock, by auscultation with a mercury sphygmomanometer and stethoscope, and the AM5600, using the recorder's BP cuff. The calibration readings allowed for adjustments to be made in the recorder's microphone amplification and to establish a baseline for ABPM versus manual SBP and DBP. The office check readings were not included in the 24-h results. Each subject's parent/guardian was asked to record the subject's bedtime and time of awakening. After 24 h, the cuff and monitor were removed, and the data downloaded using the manufacturer's software (12) .
Subject height and weight were measured using a balance beam scale and pediatric wall-mounted stadiometer. Height percentile was calculated using the CDC NHANES III data tables by age in months (16) . Body mass index (BMI) was calculated as weight (kg) divided by the square of height (m 2 ). BMI Z-scores, which reflect the SD score for the age-and gender-appropriate BMI distribution, were calculated using the same methods as used in the 2000 CDC Growth Charts for the United States (16) .
The mean SBP and DBP were calculated separately for the 24-h period and for awake and asleep periods. The ambulatory BP index (BPI) for each subject was calculated by expressing the mean BP as a ratio to the appropriate 95th percentile for ambulatory BP (17) . When the BPI is greater than 1.0, the mean BP is above the 95th percentile. HTN is defined as BPI Ͼ1. White coat HTN is defined as a casual BPI Ͼ1 but ABPM BPI Ͻ1. Masked HTN is defined as a casual BPI Ͻ1 but ABPM daytime BPI Ͼ1. BP load was calculated as the number of readings over the 95th percentile within each time period and was expressed as a percent of total readings for the period (7). Mean casual BP and casual BP index were calculated from the three readings obtained during the calibration period using a mercury sphygmomanometer. Casual BP index was calculated as the ratio of the mean casual BP over the 95th percentile (13).
Blood samples for the measurement of SUA and metabolic profile were collected before placing the ambulatory monitor. A 24-h urine sample was collected to measure urinary excretion of sodium and creatinine. To correct for any missed samples in the timed urine collection, 24-h urinary Na excretion (mmol/24-h) was standardized to urinary creatinine excretion (g/ 24-h), expressed as urinary Na:creatinine ratio (U Na ϩ /cr). Creatinine clearance was estimated using the Schwartz equation, which uses height and serum creatinine to estimate GFR expressed as ml/min/1.73m 2 (18) . Statistical analyses. SAS 9.1 (SAS, Inc., Cary, NC) statistical software was used for all analyses. Descriptive analyses were used to assess the mean values and SD of means. Pearson correlation coefficients were calculated for all continuous measurements. Effect of SUA on ABP was assessed by linear regression. Logistic regression analysis was performed using the presence of systolic or diastolic hypertension as the dichotomous dependent variable and SUA as the continuous, independent variable. Multivariable analysis was performed to control for age, race and gender, as well as BMI Z-score and/or U Na ϩ /cr. Since there are numerous definitions of normal uric acid levels during childhood, subjects were classified according to SUA using the recently published value of Յ4.9 mg/dL for the cut-point for analysis (19) . After dichotomizations according to SUA, the likelihood for increased SUA was assessed using logistic regression; we controlled for the other covariables in this analysis.
RESULTS
Ambulatory BP and SUA data were successfully collected from 104 children. Of the subjects, 74 were African-American (AA), 29 were European American (EA) and one was Asian; 37 were female (F) and 67 male (M). The mean age was 13.7 Ϯ 2.6 y with a range of 7-18 y. Mean BMI Z-score was 1.49 Ϯ 1.02 with a range of Ϫ1.47-3.08. Fifty-five subjects had a BMI percentile that classified them as overweight. The mean SUA for all subjects was 4.91 Ϯ 1.3 with a range of 2.5-9.1 mg per deciliter. Males had significantly higher SUA levels than females (5.36 Ϯ 1.32 versus 4.08 Ϯ 0.76 mg/dL, p Ͻ 0.0001) and African-Americans had significantly lower SUA levels compared with Caucasian subjects (4.69 Ϯ 1.25 versus 5.46 Ϯ 1.31 mg/dL, p ϭ 0.0016). Characteristics of the participants are summarized by gender and race in Table 1 .
Based upon casual blood pressure index, 54% of subjects were classified as having systolic HTN and 16% were classified as having diastolic HTN. According to the 24 h ABP index, 39% of subjects had systolic HTN and 21% had diastolic HTN. Twenty-three percent and 6% were classified as having white coat systolic and diastolic HTN, respectively (white coat HTN was defined as a casual BP Ն95th and a mean 24 h ABP Ͻ95th percentile); 7% and 4% were classified as having masked systolic and diastolic HTN, respectively (Masked HTN was defined as a casual BP Ͻ95th percentile and a mean daytime ABP Ͼ95th percentile). Sixty-three percent of subjects had an SBP load greater than 25% and 38% had a DBP load greater than 25%.
Mean SUA levels were significantly higher among individuals with diastolic HTN as defined as a 24-h DBPI Ͼ1.0: 5.55 Ϯ 1.73 mg/dL versus 4.75 Ϯ 1.12 mg/dL, p ϭ 0.0077. There were no significant differences in mean SUA between subjects with and without systolic HTN-either defined by 24-h SBPI or SBP load. Subjects whose SUA was Ͼ4.9 mg/dL had an OR of 2.09 (CI ϭ 1.07, 4.09, p ϭ 0.022) for increased 24-h DBPI after controlling for race, gender, age and BMI Z-score.
SUA was significantly associated with casual SBP (r ϭ 0.32, p ϭ 0.0012) and DBP (r ϭ 0.23, p ϭ 0.025). However, after transformation of the casual BP into a BPI, the correlation was no longer significant. SUA was significantly positively correlated with BMI Z-score (r ϭ 0.23, p ϭ 0.021) and age (r ϭ 0.37, p ϭ 0.0002); SUA was negatively associated with U Na ϩ /cr (r ϭ Ϫ0.255, p ϭ 0.126). Stratification based upon race revealed that SUA was significantly correlated with U Na ϩ /cr in African-Americans (r ϭ Ϫ0.314, p ϭ 0.0085), but not significantly correlated to U Na ϩ /cr in Caucasians (r ϭ Ϫ0.236, p ϭ 0.255). SUA was not significantly correlated with estimated creatinine clearance.
The relationship of SUA with ABP parameters is shown in Table 2 . Because of the known gender, age and ethnic differences in SUA, multivariable linear regression analysis was performed to control for gender, age and race. After controlling for age, gender and race, both SBP and DBP (except daytime DBP) continued to show significant association with SUA. After adding BMI Z-score, 24-h and nighttime SBP and DBP continued to demonstrate a significant relationship with SUA. There was a significant relationship between SUA and 24-h DBPI that was strengthened after controlling for demographic variables. This relationship was also significant after adding BMI Z-score. There was a significant relationship between SUA and 24-h DBP load, which was strengthened after controlling for demographic variables; this relationship was also significant after adding BMI Z-score to the other variables. Serum uric acid is plotted according to mean 24 h DBP and 24 h DBPI in Figure 1 .
Urinary Na ϩ excretion may have an impact on uric acid excretion, and therefore on SUA (20) . Since we found a significant relationship between SUA and U Na ϩ /cr, we also added U Na ϩ /cr to the multivariable linear regression analysis (age, gender, race, and BMI Z-score). Twenty-four-hour DBPI, nighttime DBPI, 24-h DBP load, and nighttime DBP load continued to demonstrate a significant relationship with SUA with all variables in the model.
The odds ratio (OR) was 1.59 (95% CI: 1.09 -2.31, p ϭ 0.0152) for diastolic HTN associated with each 1 mg per deciliter increase of SUA. After adjusting for age, race and There are several available references to normal values of SUA from infancy through adolescence; these differ somewhat in their definition of hyperuricemia. However, there appears to be a definite increase in the average serum uric acid after the age of 12 y. During adolescence, the gender related differences are consistently noted. We performed additional analysis to examine whether the relationship between SUA and ABP was different in the younger (Ͻ12 y of age, n ϭ 25) and those Ն12 y of age. There were no differences in our results when age was dichotomized in this manner. There was no interaction between preadolescent versus adolescent age in the relationship between SUA and ABP.
DISCUSSION
This is the first report to describe the relationship between ABP and SUA in children. SUA is significantly associated with 24-h DBP and nocturnal DBP. This relationship is strengthened after controlling for age, gender and race, and persists after controlling for BMI Z-score and urinary Na ϩ excretion. BMI is a confounder in the relationship between SUA and BP; this is not surprising, as numerous studies have demonstrated a significant effect of BMI on BP levels in childhood (21) . The risk for diastolic HTN increases significantly as SUA increases. Since all except one subject with diastolic HTN also had systolic HTN, the increased risk for diastolic HTN found as the level of SUA increases may implicate uric acid as a marker for the severity of HTN in children. Previous studies in children neither consistently control for factors such as age, gender, and race nor they standardize BP levels for the known age, gender and height related differences (7) .
The analysis of association between SUA and BP among youth is complicated by the observed developmental changes in SUA and urinary uric acid excretion. SUA increases with age and BMI during childhood. Gender and racial differences have also been observed (22, 23) . Gender differences in the normal serum uric acid levels become most obvious during adolescence, and have been attributed to the effect of estrogen. We found no significant interaction of age group Ͻ12 y versus Ն12 y on the relationship between SUA with ABP. Degree of ponderosity and prevalence of the metabolic syndrome are associated with hyperuricemia (19, 24) . Although our study did not assess for presence of the metabolic syndrome, we did find a correlation of SUA with BMI and BMI Z-score, and we controlled for this in our analysis.
Age-, size-and gender-related changes in BP make the analysis of BP data from children of different ages challenging; these type of analyses are handled by representation of BP to reference standards (13,14). The most commonly used parameter, the BPI, allows analysis of BP levels between children of variable age, gender and size in relationship to the 95th percentile (25) . Studies that report an association between SUA and BP during childhood are limited because casual BP levels were used in the analysis without correction for the appropriate normal threshold values. Since both BP and SUA increase with age, their correlation may have been overestimated. We also found a significant relationship between SUA and both casual and ABP, however, when the BP was expressed as BPI to control for known differences in BP with age, gender and height, the correlation did not persist. It is possible that casual BPI is significantly associated with SUA if a larger sample size was available for analysis.
Among adults, the association between SUA and BP has been known for decades (26, 27) . The finding that SUA predicts the development of HTN, independently of other known risk factors, has re-emphasized the potential role of SUA as a cardiovascular risk factor (2, 3) . Hyperuricemia is also associated with endothelial dysfunction and progressive renal disease (1, 28) . Potential mechanisms by which SUA induces HTN and renal vascular disease have been recently elucidated from the hyperuricemic animal model (2) . Vascular smooth muscle cells transport uric acid into the cytosol, where it stimulates cellular proliferation (29) . Rats with hyperuricemia develop salt-sensitive HTN, which is associated with increased thickness of the afferent arteriole. In these animals glomerular vascular alterations are accompanied by decreased renin and nitric oxide synthase activity of the juxtaglomerular apparatus and can be prevented by administration of compounds that reduce SUA (30) . These studies support a role for uric acid in the induction of HTN and pathologic renal vascular alterations (31) . Since these vascular changes are likely to occur relatively early in the course of essential HTN, the investigation of youth at risk for HTN is a plausible approach to help in the understanding the role of SUA in human HTN (31) .
The increased prevalence of hyperuricemia among children with essential HTN was originally reported by Prebis et al. (20) . The multiethnic cohort of 31 children displayed a prevalence of hyperuricemia of 42% while ingesting an unrestricted diet. Hyperuricemia was attributed to reduced renal excretion since the fractional excretion of UA was inversely related to SUA. These authors observed a significant change in SUA based upon dietary sodium, presumably due to the effect of sodium excretion on uric acid excretion. The relationship between BP level and SUA was not examined in this early report (20) . In a subsequent study which analyzed data from 6768 children ages 12-17 y, supine SBP and DBP were significantly correlated with SUA (23) . SUA predicted SBP after controlling for gender, age, race, height, weight, and sexual maturity (23) . Feig and Johnson (7) reported a significant correlation between SUA and casual BP in normal children, as well as those with primary HTN, a relationship which remained significant after controlling for BMI percentile. In addition, an SUA Ͼ5.5 mg/dL was significantly associated with increased likelihood to have primary, but not secondary, HTN (7). However, the ethnic composition of that cohort was not reported and the analysis did not control for age, gender or race. In participants in the Bogalusa Heart Study, SUA during childhood correlated with casual SBP and DBP both during childhood and adulthood (6) . The change in SUA from childhood to adulthood (after adjusting for age at which sampled during childhood) was a significant predictor of adult BP (6) .
Limitations of the current study include the choice of ABP reference standards. We elected to use the European reference standards, which were collected using an oscillometric device. The accuracy and precision of the oscillometric monitors, used by Soergel et al. (17) , were confirmed by simultaneous measurements with a mercury sphygmomanometer. We also validated the AM5600 using a mercury manometer according to the rigorous standards of the AAMI and the British Society of Hypertension. Because both types of devices are checked for accuracy against the gold standard, it would seem that they should provide comparable measurements. In addition, the demographic composition of our clinical cohort is very different from the homogeneous composition of the European cohort. A recent review on clinical and research applications of ABPM discusses this very important issue (32) . Because it is the largest normative data set collected thus far, the European normative data has become the standard for most clinicians and investigators using ABPM. Although not perfect, it may be the best choice at present. The last issue, which is the setting in which the data are collected-ambulatory versus seated-is possibly the most compelling rationale for using the European ambulatory data set. The clinical cohort in this study is not representative of the population of children in general, but is characteristic of children who are referred for evaluation for possible HTN.
In conclusion, among a multiethnic cohort of children referred for primary HTN, SUA was associated with ambulatory DBP after controlling for age, gender, race, BMI Z-score and urinary Na ϩ excretion. Hyperuricemia among children with a strong family history of HTN or an elevated casual BP level is associated with more severe HTN and may be a marker of early cardiovascular damage. Measurement of SUA in children may prove to be a valuable tool in the assessment of cardiovascular risk as well as a target for risk-reduction therapy.
